Abstract: A remarkable acceleration in the synthesis of substituted coumarins via Pechmann reaction catalyzed by silica gel supported sulfuric acid (H 2 SO 4 /silica gel) at 120 °C in high yields under solvent-free reaction condition with short reaction times is described. This methodology offers momentous improvements over various options for the synthesis of coumarins with regard to yield of products, simplicity in operation and green aspects by avoiding toxic catalysts and solvents.
INTRODUCTION
Coumarin and its derivatives form an important class of benzopyrones found in Nature. They are structural subunits in many complex natural products and have shown numerous biological activities, such as antitumor [1] , anti-HIV (NNRTI) [2] , antioxidation [3] , tumor necrosis factor-a (TNF-a) inhibition [4] , antimicrobial activity [5] , serine protease inhibition [6] and anticancer activity [7] . The widespread biological activities of coumarin derivatives have aroused great interest in the area of synthetic chemistry and pharmacology.
Coumarins could be synthesized by various methods, such as Pechmann [8] , Perkin [9] , Knoevenagel [10] , Reformatsky [11] , Witting [12] , Claisen [13] and flash vacuum pyrolysis reaction [14] . However, the Pechmann reaction is one of the simplest and direct methods for the synthesis of coumarins since it proceeds from very simple starting materials, namely, phenols and -keto esters or , -unsaturated carboxylic acids utilizing various catalysts, such as sulfuric acid [8] , trifluoroacetic acid [15] , phosphorus pentoxide [16] , ZrCl 4 [17] , TiCl 4 [18] and ionic liquids [19] . However, most of these procedures require long duration (24 h [20] , 20 h [21] ), high temperature (150°C) [21] and also microwave irradiation [22] . Also there have been some attempts to find alternative, environmentally benign synthesis routes. On those lines, Nafion-H [23] , zeolite H-BEA, modified zirconia [24] , Amberlyst 15 [25] , montmorillonite clay [26] and other solid acids have been employed for this purpose in the Pechmann condensation.
It has been realized in recent years that sulfuric acid adsorbed on silica gel could be used as a multipurpose acid catalyst [27] [28] [29] [30] [31] . In continuation of our work on the development of useful synthetic methodologies by employing solid acid catalysts [32] [33] [34] [35] , we observed that H 2 SO 4 /silica *Address correspondence to this author at the Inorganic and Physical Chemistry Division, Indian Institute of Chemical Technology, Uppal Road, Hyderabad -500 607, India; E-mails: bmreddy@iict.res.in, mreddyb@yahoo.com gel is an efficient catalyst for the synthesis of coumarins via Pechmann condensation. In this communication, we are disclosing our findings on H 2 SO 4 /silica gel catalyzed Pechmann condensation of a series of phenols and -keto esters to coumarins under solvent free conditions.
EXPERIMENTAL Preparation of H 2 SO 4 /Silica Gel
A solution of 1 mL conc. H 2 SO 4 in 15 mL acetone is added to a dispersion of 50 g silica gel (Merck 230-400 mesh, 60 Å) in 100 mL acetone and stirred at room temperature for 1 h. The solvent was removed under reduced pressure. A yellow-brown powder was obtained, which can be stored in a desiccator for long periods of time without any appreciable loss of activity.
Typical Reaction Procedure
In a typical experiment, H 2 SO 4 /silica gel (100mg) was dispersed in a mixture of phenols (2 mmol) and -keto esters (2.4mmol) in a 25-mL batch reactor equipped with a distillation condenser. The content was stirred vigorously at 120 °C. The progress of the reaction was monitored by TLC. At the end of the reaction, the reaction mixture was treated with CH 3 OH and filtered to recover the catalyst. It was reused for several times without loss of activity. The filtrate was evaporated under reduced pressure to obtain the crude product. Thus obtained product was washed with water, filtered and dried at 100 °C. The product was purified by dissolving in 20 mL 1 M NaOH and then regenerated with 10 mL 2 M H 2 SO 4 solution. NMR, IR and mass spectroscopic techniques were used to analyze the products and compared with the authentic samples.
RESULTS AND DISCUSSION
The reaction of phenols and -keto esters in the presence of catalytic amount of H 2 SO 4 /silica gel afforded the corresponding coumarin derivatives (Scheme 1). The reactions were clean and affording exclusively coumarins in high yields in a relatively short times. It is an established fact in the literature that Pechmann reaction proceeds through trans-esterification and intramolecular hydroxyalkylation, followed by dehydration [18, 24] . These three steps are all typical acid-catalyzed reactions. Therefore, the outcome of the Pechmann reaction depends very much on the Brønsted acidity of the catalysts [16] . We have given a plausible mechanism for the Pechmann condensation of phenols and -keto esters by H 2 SO 4 /silica gel in Scheme 2.
To optimize the reaction conditions such as temperature, solvent and amount of catalyst (H 2 SO 4 /silica gel), we selected the highest time taking reaction that is the reaction between orcinol and ethyltrifluoroacetoacetate as a model reaction. The results are collected in Table 1 . Lower catalytic activity is observed for various organic solvents such as toluene, MeOH, CH 2 Cl 2 under reflux condition and 50mg H 2 SO 4 /silica gel catalyst, which probably due to interference of solvent with active site of the catalyst ( Table 1 , entry 6-8).
On the contrary, reaction worked well under solvent-free condition ( Table 1 , Entry 1-5). On increasing reaction temperature from 60 to 120°C, product yield and time were found to be more favorable at 120°C ( Table 1 , entry 1-4). Again increasing the catalyst amount the reaction moved faster ( Table 1 , entry 1, 5). Interestingly, no reaction took place in the absence of catalyst for 2 days of reaction time.
The sulfated silica gel solid acid catalyst was evaluated for liquid phase synthesis of coumarins in solvent free conditions and summarized in Table 2 . Different types of -keto esters were used namely, ethyl acetoacetate ( Table 2 , entries 4, 10, 19) took place very fast within 3, 3 and 18 min, respectively. This is mainly due to the presence of three hydroxyl groups that cooperate in activating the aromatic ring for hydroxyalkylation. Similarly, reactions of pyrogallol with ethyl acetoacetate, methyl acetoacetate and -methyl ethyl acetoacetate ( Table 2 , entries 3, 9, 18) took place in 6, 7 and 26 min, respectively, which are slower than that of the reactions of phloroglucinol presumably due to steric hindrance of hydroxyl groups. Again reaction of pyrogallol with methyl cyclohexanone-2-corboxylate was completed within 3 min. The reactions of resorcinol with ethyl acetoacetate, methyl acetoacetate, -methyl ethyl acetoacetate, methyl cyclohexanone-2-corboxylate and ethyl trifluoro acetoacetate ( Table  2 , entries 2, 8, 17, 12 and 15) occurred within 5, 7, 10, 5 and 65 min, respectively. This could be due to the presence of only two hydroxyl groups, which are meta to each other. However, in the case of orcinol, the reactions ( Table 2 , entries 1, 7, 16, 11 and 14) were somewhat slower than that of the reactions of resorcinol that could be due to the steric hindrance of methyl group ortho to the position of hydroxyalkylation. Table 1 compares the activities of various -keto esters with various phenols, Reactivity order for keto esters is found to be ethyl acetoacetate methyl acetoace- ]. 5,7-Dihydroxy-4-methyl-chromen-2-one (Entry 10, Table 2 Hydroxy-1-methyl-7,8,9,10-tetrahydro-benzo[c] chromen-6-one (Entry 11, 
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CONCLUSION
In summary, a convenient method has been developed for the Pechmann reaction of phenols and -keto esters catalyzed by H 2 SO 4 /silica gel. Use of inexpensive and reusable catalyst, solvent-free condition, short reaction time, high yield and ease of purification of the product are the key features of this elegant protocol for which it may be considered as an effective alternative to the existing methodologies. The pronounced advantage of this novel catalytic system is expected to contribute to the development of more benign Pechmann condensation reactions of phenols with -keto esters. 
